The molecular mechanisms that underlie the development of squamous cell skin cancers (SSC) are poorly understood. We have used oligonucleotide microarrays to compare the differences in cellular gene expression between a series of keratinocyte cell that mimic disease progression with the aim of identifying genes that may potentially contribute towards squamous cell carcinoma (SCC) progression in vivo, and in particular to identify markers that may serve as potential therapeutic targets for SCC treatment. Gene expression differences were corroborated by polymerase chain reaction and Western blotting. We identified Axl, a receptor tyrosine kinase with transforming potential that has also been shown to have a role in cell survival, adhesion and chemotaxis, was upregulated in vitro in SCC-derived cells compared to premalignant cells. Extending the investigation to tumour biopsies showed that the Axl protein was overexpressed in vivo in a series of SCCs. Non-melanoma skin cancer (NMSC) is the most prevalent human cancer, with about 1 million cases in the USA and 460 000 cases occurring annually in the UK. Basal cell carcinoma (BCC) is the most common NMSC, whereas squamous cell carcinoma (SCC) accounts for 20% of all cutaneous malignancies. Squamous cell carcinomas typically arise on sun-exposed body sites, and the incidence in Europe, North America and Australia ranges from 50 to 170 cases per 100 000 individuals (Holme et al, 2000; Diepgen and Mahler, 2002) . Cutaneous SCCs are usually treated by excision; however, they do have the potential to recur locally and, in some cases, to metastasize. Currently, the most common prognostic indicators are histologic subtype and tumour size.
Non-melanoma skin cancer (NMSC) is the most prevalent human cancer, with about 1 million cases in the USA and 460 000 cases occurring annually in the UK. Basal cell carcinoma (BCC) is the most common NMSC, whereas squamous cell carcinoma (SCC) accounts for 20% of all cutaneous malignancies. Squamous cell carcinomas typically arise on sun-exposed body sites, and the incidence in Europe, North America and Australia ranges from 50 to 170 cases per 100 000 individuals (Holme et al, 2000; Diepgen and Mahler, 2002) . Cutaneous SCCs are usually treated by excision; however, they do have the potential to recur locally and, in some cases, to metastasize. Currently, the most common prognostic indicators are histologic subtype and tumour size.
In contrast to BCC development, where mutations in the patched signalling pathway are associated with BCC formation (Johnson et al, 1996) , the current knowledge on factors that are involved in the de novo development and progression of SCC is relatively sparse.
To identify genes that are differentially expressed in SCC compared to normal skin, we have focused in particular on genes encoding cell surface receptors, as overexpression of the encoded protein may serve either as a useful biomarker or a potential target for therapeutic intervention. We have made use of a unique series of cutaneous SCC cell lines derived from an immunosuppressed patient representing different stages of malignant transformation , that serve as a model in which to study the changes in gene expression that occur in the transition from premalignant cells to SCC and finally to a metastatic tumour. They were established from forehead skin (PM1), a primary SCC (MET1) and an associated lymph node metastasis (MET4). Affymetrix GeneChip arrays were used to compare the expression profile of PM1 with two malignant cell lines (MET1 and MET4). Most interestingly, the expression analysis revealed upregulation of Axl, a transmembrane receptor tyrosine kinase with transforming potential (O'Bryan et al, 1991) and is an intriguing candidate for involvement in SCC development and progression. Further immunohistochemical analysis of Axl protein expression in a panel of SCCs revealed that Axl was frequently overexpressed in SCCs compared to BCC or normal skin.
MATERIALS AND METHODS

Cell culture
Early passage (less than p16) PM1, MET1 and MET4 keratinocyte cell lines were grown with an irradiated fibroblast feeder layer in Dulbecco's modified Eagle's medium plus HAMS F12 medium containing 10% foetal calf serum essentially as described (Rheinwald and Green, 1975) .
Microarray experiments and semi-quantitative reverse transcription -polymerase chain reaction Briefly, total RNA was extracted from 70 -80% confluent PM1, MET1 and MET4 cell lines using TRIZOL Reagent (Invitrogen-15596, Paisley, UK) and was used to generate labelled probes as per manufacturer's instructions. These were used to hybridise the U133A Gene Chips using an Affymetrix Fluidics station 400. Three biological replicates were performed for each of the three cell lines. Full details of the methodology and statistical analysis can be found in Supplementary Material. Quantitative reverse transcription -polymerase chain reaction (RT-PCR) was performed to validate data from GeneChip experiments and was performed using an OPTICONt 2 Continuous Fluorescence Detection System (Bio-Rad) on the three replicate samples used in the GeneChip analysis. Full details of the Q -PCR conditions are given in Supplementary Material.
The primer pairs used for amplification of the selected targets were:
Axl:
GAGAACATTAGTGCTACGCGGAA/ CCTTAGCCCTATGTCCATTAGCA G6PDH: GTTCCGTGAGGACCAGATCTAC/ GGCTCCTTGAAGGTGAGGATAA
Antibodies and immunohistochemistry
Antibodies used in this study were anti-Axl (C-20), anti-Gas 6 (N-20), (Santa Cruz Biotechnology Inc., Palo Alto, CA, USA), antia tubulin (Ab-1, Oncogene Science, Cambridge, MA, USA). Archival paraffin blocks were used for immunohistochemistry; ethical approval for this study was obtained from the East London and City Health Authority Research Ethics Committee.
Axl expression was examined using standard immunohistochemical techniques using 4 mm thick sections that had been deparaffinized, then blocked with rabbit serum and incubated with a goat polyclonal anti-Axl antibody. The sections were then processed as described (Jackson et al, 2002) . Quantitative analysis of Axl staining was performed using KS400 version 3.0 imaging software (Carl Zeiss Ltd, Welwyn Garden City, UK). The percentage of cells expressing Axl was calculated in four representative high-power fields. Statistical analysis was performed using Arcus Quickstat (Statsdirect, Sale, UK, Biomedical version 1.1) and JMP r , SAS Inc. (Karey, NC, USA). For Western blot analysis was performed as described (Jackson et al, 2002) , signals were detected using ECL þ (Amersham Biosciences UK Ltd, Bucks, UK).
RESULTS
Gene expression profiles in premalignant and malignant keratinocyte lines
We compared the relative gene expression levels of the MET1 and MET4 lines with PM1, and also compared expression in MET4 with the solid tumour from which it appears to have originated, MET1 (Popp et al, 2000) . The profiling revealed that 276 genes were statistically differentially expressed in PM1 cells compared to MET1 and MET4 cells (P ¼ 0.0001). For practical reasons, we have applied an arbitrary filter level of five-fold changes in the ratio of expression levels; this relatively high cutoff point was used with a Only genes whose expression changed by five-fold or more and P-value of 0.001 or less are listed.
Gene profiling in skin cancer cell lines J Green et al view to focus on the genes that are most grossly affected. As a result, an overall comparison of transcript levels from PM1 vs MET1, PM1 vs MET4 and MET1 vs MET4 revealed that 82 genes were significantly differentially expressed with a greater than fivefold change across the three tumour-derived cell lines that fell into diverse functional categories potentially affecting extracellular and intracellular signalling, proliferation and adhesion (Table 1 ).
In particular, we noted that the axl tyrosine kinase receptor was significantly overexpressed in the MET1 relative to PM1 cells, and was also overexpressed 4.3-fold in Met4 relative to PM1 cells (Table 1) .
Axl mRNA and protein expression in PM1, MET1 and MET4 cell lines
Quantitative RT -PCR was performed on axl transcripts to support the findings of the expression profiling. The analysis was carried out on the RNA prepared for the three biological replicates used in the Affymetrix analysis. The results shown in Figure 1A support the data from the chip analysis. Western blotting of cell lysates showed that Axl protein was also overexpressed in the MET1 and MET4 lines relative to the PM1 line ( Figure 1B ).
Immunohistochemical analysis of Axl expression in SCCs
To evaluate the expression of Axl in tumours, we performed an immunohistochemical study on a panel of SCCs, BCCs and normal skin biopsies using anti-Axl-specific antibodies. Axl expression was examined in 17 SCCs (11 well-differentiated and six poorly differentiated) from 16 individuals (Figure 2 ). Axl expression in 10 BCCs and nine normal skin samples was also investigated. Mast cells that showed consistent, strong, cytoplasmic staining were used in all sections as a positive internal control (data not shown).
Goat IgG, at the same concentration as the anti-Axl goat IgG, served as a negative control. Normal epidermis had almost no staining (see Figure 2D ) with a mean of 1.3% (95% confidence interval (CI): 0.3 -2.3) of epidermal cells staining in each section examined. The mean percentage of cells staining with Axl in BCC was 1.3% (95% CI: 0.5 -2.1%), suggesting that Axl does not have a significant role in cell signalling in BCC (see Figure 2E ). In contrast to normal skin and BCC, 13 out of 17 SCCs (76%) had significant Axl expression. The mean percentage of welldifferentiated SCC (SCCW) cells staining with Axl was 21.5 (95% CI: 5.2 -37.8%). In general, SCC tumour cells exhibited cytoplasmic staining, although there were a few SCC sections where membranous staining of individual cells was detectable (see Figure 2A) . Furthermore, one section showed clear heterogeneity in staining within the SCCW ( Figure 2B ). The poorly differentiated SCC (SCCP) ( Figure 2C ) group displayed less Axl staining than SCCW, with a mean percentage of cells staining of 10.7% (95% CI: 1.2 -22.6%). Statistical analysis was performed using Dunnett's Method to compare Axl staining in normal skin and tumours. There was a statistically significant difference between well-and poorly differentiated SCC compared to normal skin (Po0.01). There was no significant difference between BCC and normal skin staining with Axl, suggesting that Axl signaling may be restricted to SCCs.
DISCUSSION
The deregulation of cellular signalling networks underpins much of the basic framework of carcinogenic processes. A striking feature of the expression analysis was the finding that the axl gene was greatly upregulated in the MET1 cells compared to PM1. Overexpression of both the mRNA and protein was confirmed in MET1 cells in subsequent experiments. Our results are supported by previous studies in murine SCC where increased axl expression was also noted (Loercher et al, 2004) . For this analysis, we have exclusively focused on genes whose expression was altered more than five-fold. We cannot rule out at this stage that genes whose expression was not changed by more than five-fold between the different cell lines used in this study may play an important role in determining not only the phenotype of these cells, but also in tumour progression in vivo.
We then extended the observations on the cell lines to investigate Axl protein expression in a pilot study of SCC biopsies. This analysis showed that Axl expression was increased in a significant proportion of the tumours analysed relative to normal skin. Although this is a small series of tumours, it not only validates the approach of using the PM and MET cell lines as a model system, but also suggests that Axl may be a novel marker whose overexpression is frequently associated with SCC. Whether Axl is also overexpressed in other precursor lesions such as actinic keratoses remains to be investigated. Axl expression was not observed in BCC biopsies, suggesting that Axl is not involved in altering signal transduction pathways in these tumours. Axl overexpression has also been noted previously in a variety of other cancers including ovarian (Sun et al, 2004) , ocular melanoma (van Ginkel et al, 2004) , osteosacroma (Nakano et al, 2003) and renal (Chung et al, 2003) tumours. Axl has been shown recently to play an important role in cell migration and proliferation of human endothelial cells (Holland et al, 2005) . Receptors such as Axl that modulate a number of cellular processes such as growth, adhesion and migration and that are overexpressed on cancer cells, makes them targets for the development of novel therapeutics. Multiple clinical trials have employed novel strategies including antibodies that are antagonistic to such receptors (Finn and Slamon, 2003; Emens and Davidson, 2004; Mineo et al, 2004) , or alternatively, low molecular weight inhibitors of the kinase activity have also been used, including imatinib mesylate (Gleevec) (Druker, 2004; Pulsipher, 2004; Ross and Hughes, 2004) and gefitinib (Iressa) (Wakeling et al, 2002; Blackledge, 2003; Black- Combination therapy, using both monoclonal antibody together with drug treatment, has also been evaluated (Huang et al, 2004) . As yet, no specific inhibitors of Axl activity have been described. Our results suggest that further studies aimed at further elucidating the potential role of Axl in SCC are merited, as it may represent a potential therapeutic target for intervention in skin cancer development. 
